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ABSTRACT
Improved distance measurements to millisecond pulsars can enhance pulsar timing array (PTA)
sensitivity to gravitational-waves, improve tests of general relativity with binary pulsars, improve
constraints on fuzzy dark matter, and more. Here we report the parallax and distance measurements
to seven Gaia DR2 objects associated with 7 International PTA pulsars: J0437-4715, J1012+5307,
J1024-0719, J1732-5049, J1910+1256, J1843-1113, and J1949+3106. By multiplying the posteriors of
the PTA-based parallax measurements with the Gaia parallax measurement to the pulsar’s companion,
we improve the distance measurements, and provide a tentative detection of a previously unknown
binary companion to J1843-1113. We also find an order of magnitude improvement in the parallax
measurement to J1949+3106. Finally, we recommend that future Gaia data releases use J0437-4715
as a calibration point, since its distance estimate in Gaia DR2 is relatively poor compared to pulsar
timing measurements.
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1. INTRODUCTION
Millisecond pulsars (MSPs) are the best clocks in na-
ture (Backer et al. 1982), and as such, are used in a
wide variety of physics experiments ranging from test
of dark matter (e.g. Porayko et al. 2018) to low-
frequency gravitational-wave detection (Sazhin 1978;
Detweiler 1979; Hellings & Downs 1983) and test of Gen-
eral Relativity (Lazaridis et al. 2009; Smits et al. 2011;
Li et al. 2018).
Precise pulsar distance measurements are particu-
larly important for pulsar timing array (PTA) experi-
ments (Arzoumanian et al. 2018a; Desvignes et al. 2016;
Manchester et al. 2013), which aim to detect nanohertz
gravitational waves from both individual inspiralling su-
permassive black hole binaries (Babak et al. 2016; Ag-
garwal et al. 2019) and the gravitational wave back-
ground from their cosmic merger history (Phinney 2001;
Arzoumanian et al. 2018b; Mingarelli 2019). In partic-
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ular, precise pulsar distance measurements can improve
the sensitivity of PTAs to continuous gravitational wave
sources (Zhu et al. 2016), and make it possible to mea-
sure the evolution of supermassive black hole binaries
over thousands of years (Mingarelli et al. 2012).
Direct pulsar distance measurements are obtained ei-
ther from pulsar timing parallax measurements – the
curvature of the wavefront will cause a variation in
pulse arrival times at different positions throughout
the year, e.g. Lorimer & Kramer (2004)– or in the
rare case that the pulsar is relatively nearby, via di-
rect Very Long Baseline Interferometry (VLBI) mea-
surements, e.g. Deller et al. (2008). Distances can
also be independently inferred from measuring the bi-
nary orbital period (Pb) derivative when possible, via
P˙b/Pb ∝ DK (see e.g. Shklovskii 1970). This kind of dis-
tance measurement is called a kinematic distance, which
we denote by DK .
When direct distance measurements are not avail-
able, distances to MSPs are estimated via their Dis-
persion Measure (DM) – a frequency-dependent delay
in the pulse arrival time due to the radio waves trav-
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eling through the ionized interstellar medium of the
galaxy, see e.g. (Lyne & Graham-Smith 2012). This de-
lay is proportional to the product of the mean electron
number density, ne, and the distance to the pulsar, D.
This distance estimate is limited by the uncertainties
in the galactic electron distribution. Such models have
been proposed by Cordes & Lazio (2002), from hereon
NE2001, and more recently by Yao et al. (2017), hence-
forth YMW16. However, since the relationship between
DM and pulsar distances can only be calibrated by pul-
sars with well-known distances from e.g. timing paral-
lax, there are large errors associated with these inferred
distance measurements, of the order of 20-40%.
Due to their formation history, MSPs are often in bi-
nary systems (Bhattacharya & van den Heuvel 1991;
Tauris & van den Heuvel 2006) with companions in-
cluding other neutron stars, white dwarfs, and main se-
quence stars (van den Heuvel 1984). While distance
measurements to the pulsars can be challenging, their
binary companions offer a new avenue to measure the
binary’s distance. Indeed, optical data from the Gaia
mission (Gaia Collaboration et al. 2018a) can provide
position, proper motion, and parallax measurements to
some of these companions. This method is also not with-
out its challenges, as the white dwarfs are typically dim
at kpc distances, where most MSPs are found, and thus
have a low signal-to-noise (S/N) measurement. In the
future, NASA’s Wide Field Infrared Survey Telescope
(WFIRST; The WFIRST Astrometry Working Group
et al. 2017) will also be able to provide accurate as-
trometric measurements to much fainter magnitudes so
that future analyses will be able to obtain accurate dis-
tances to many more pulsars.
Here we present a cross-match search between the mil-
lisecond pulsars in the new International Pulsar Tim-
ing Array Data Release 2, (Perera et al. 2019, hereafter
IPTA DR2), and Gaia Data Release 2 (DR2; Gaia Col-
laboration et al. 2018a), in an effort to identify binary
companions to the MSPs, and provide a new parallax
(and therefore distance) measurement to the binary sys-
tems. While Jennings et al. (2018) report parallaxes and
proper motions for cross-matches to known binary pul-
sars in the ATNF pulsar catalog, we restrict ourselves
to the careful analysis of the subset of pulsars in IPTA
DR2, as these will have the greatest impact on the up-
coming detection of nanohertz gravitational waves.
Using Gaia DR2 we find parallax measurements to
7 binary MSPs: J0437-4715, J1012+5307, J1024-0719,
J1732-5049, J1910+1256, J1843-1113, and J1949+3106.
Jennings et al. (2018) recently identified WD compan-
ions for J0437-4715, J1012+5307, J1024-0719, which we
confirm here. We then go further and multiply the nor-
malized parallax posteriors from the different experi-
ments and get an improved distance measurement.
We also tentatively identify a binary companion to
J1843-1113, which we will monitor with upcoming Gaia
data releases, report an order of magnitude improvement
in the parallax measurement to J1949+3106 with Gaia ,
and give the first parallax measurement to J1732-5049.
Every result in this work is reproducible via our public
software, written in Python, and available on github,
https://github.com/ChiaraMingarelli/gaia pulsars.
2. IDENTIFYING BINARY CANDIDATES IN Gaia
Using IPTA DR2 we cross-referenced the MSP loca-
tions with objects in Gaia DR2 (Gaia Collaboration
et al. 2018a), updating the pulsar positions to the Gaia
epoch, and searching around the pulsar position within
3′′. The resulting cross-match returns 18 objects, to
which we apply the following cuts: we require that the
object has a parallax measurement in Gaia DR2, and
that the Gaia proper motion in both RA and Dec are
within 3σ of the IPTA DR2 value. We do not cut on
absolute magnitude, since some pulsars, such as J1024-
0719, have main sequence stars as binary companions.
Moreover, we search through all pulsars in IPTA DR2,
and not just the ones in binary systems, so that previ-
ously undetected binary systems may be discovered.
After applying these cuts, we find seven objects.
Their associated millisecond pulsars are J0437-4715,
J1012+5307, J1024-0719, J1732-5049, J1910+1256,
J1843-1113, and J1949+3106. No binary companion
has previously been detected for J1843-1113.
We calculate the false alarm probability (FAP) for
each Gaia object with a series of at least 106 random
trials to test the null hypothesis that the candidate bi-
nary companion is a chance alignment with the pulsar.
For each trial, we inject random offsets in the pulsar’s
RA and DEC drawn from Gaussian distributions with
a standard deviation of 3 degrees. We query Gaia for
sources within 3′′ of this randomized position and make
the above-described cuts on the results. The fraction of
trials in which one or more sources remain after the cuts
gives the FAP. We chose to randomize the pulsar’s posi-
tion within a subsection of the sky to reflect the density
of objects surrounding the pulsar: objects in the galac-
tic plane are likely to have a higher FAP than those at
high galactic latitude.
3. RESULTS
We find binary companions to pulsars J0437-4715,
J1012+5307, J1024-0719, J1732-5049, J1910+1256,
J1843-1113, J1949+3106, and report the FAPs of these
detections. Our results are summarized in Table 1.
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Figure 1. Color-magnitude diagram of a subsample of well-
measured Gaia stars (blue), where the white dwarf sequence
and main sequence are visible in the lower left and upper
right, respectively. Candidate binary companions to IPTA
DR2 pulsars are orange. Two of the companions are con-
sistent with the white dwarf sequence, and a few are in the
valley between the white dwarf sequence and main sequence –
likely low-mass, helium-rich degenerate dwarfs (Nelson et al.
2004).
While Jennings et al. (2018) claim a FAP between 10−3
and 10−5 for their cross-match results, they computed
a FAP by looking at the number of Gaia sources with
magnitudes brighter than the Gaia candidate within 1′
of the pulsar. Our FAP calculation method, described
above, enables us to make a more confident detection of
binary companions.
The seven pulsar companions are shown on the color-
magnitude diagram in Figure 1, in orange. For compari-
son, we also show a random subsample of well-measured
white dwarf and main sequence stars as described in
Gaia Collaboration et al. (2018a). We dust correct
the Gaia magnitudes for the pulsar companions assum-
ing the median dust values are correct, either from the
3D dust map Green et al. (2018), where available, or
Schlegel et al. (1998) where the 3D dust map is not avail-
able. That is to say, the uncertainties on the dust are not
included in the error bars in the figure. Kaplan et al.
(2016) and Bassa et al. (2016) claim that the binary
companion to J1024-0719 is a low-mass main sequence
star, and this is consistent with our dust-corrected find-
ings in Figure 1.
In the following subsections, we compute distances
to 7 IPTA MSPs from Gaia and PTA parallax mea-
surements, Fig. 2, using the Bailer-Jones et al. (2018)
distance prior which includes the global parallax offset
of −0.029 mas determined from Gaia ’s observations of
quasars (Lindegren et al. 2018). While PTA measure-
ments typically use the Lutz & Kelker (1973) correc-
tion, here we use Bailer-Jones et al. (2018)-corrected dis-
tances, while also providing the improved parallax mea-
surements so that the reader may choose any distance
prior they wish. Lutz & Kelker (1973) and Bailer-Jones
et al. (2018)-corrected distances are however compara-
ble, and a thorough comparison of these is explored in
Luri et al. (2018).
3.1. J0437-4715: an even more precise distance
measurement
Pulsar J0437-4715 has a white dwarf companion and
has binary orbital period of 5.7 days (Verbiest et al.
2008). Using VLBI, Deller et al. (2008) measured a
parallax of 6.396 ± 0.054 mas to this system, and more
recently Reardon et al. (2016) measured a parallax of
6.37 ± 0.09 mas. Through a complementary method
based on measuring the binary orbital period derivative
(Shklovskii 1970), Reardon et al. (2016) also made an in-
dependent distance measurement to this binary system,
and found it be 156.79± 0.25 pc.
With a strong detection, S/N ∼ 12, we identify
J0437-4715’s white dwarf companion as Gaia designa-
tion Gaia DR2 4789864076732331648 with a parallax
measurement of 8.33± 0.68 mas. Using the method de-
scribed above, we find that the FAP of this candidate is
< 7× 10−8, corresponding to a > 5σ detection.
We normalize and multiply together the independent
parallax measurements from Gaia , Deller et al. (2008),
and Reardon et al. (2016), and find only a marginal im-
provement in the parallax measurement: 6.40±0.05 mas,
Fig. 2a. We then apply the Bailer-Jones et al. (2018)
distance prior to the parallax, and find the distance to
the binary system to be 155.57± 1.21 pc. Since the dy-
namical distance estimate is another independent way to
measure the distance, we further normalize and multiply
together the distance posteriors from the combined par-
allax measurement and Reardon et al. (2016)’s dynam-
ical distance measurement, and find a final combined
distance of 156.74±0.24 pc (the pink stripe in Fig. 2b).
It is clear that here the Gaia data play a minimal role
and only affect the distance estimate at the centiparsec
level.
YMW16 model’s mean distance is exactly correct for
this pulsar since the authors used J0437-4715 as a cali-
bration point. We therefore cannot use this fact to infer
the overall reliability of the YMW16 model.
Moreover, since the distance to this binary system is
so well-known via pulsar timing and VLBI, it may also
be useful as a calibration point for future Gaia data
releases.
3.2. J1012+5307: tests of General Relativity
J1012+5307 (Nicastro et al. 1995), and is in a 0.6-
day period orbit with a white dwarf (IPTA DR2). Not
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Figure 2. Examples of three Gaia binary companion objects for IPTA pulsars J0437-4715, J1012+5307, J1949+3106, where the
parallax information from Gaia increases in importance from the top down. Green dashed lines are Gaia distance measurements
to the binary systems, red dashed-dot curves are based on pulsar timing distance measurements, and the solid purple curves
are the final combined parallax and distance measurements. On the left hand side, we show the binary’s various parallax
measurements, and on the right hand side we show distance measurements. DM-based distance estimates from YMW16 are
shown in the yellow strip and NE2001 are blue, with their mean values as a dashed line. These DM distances are illustrative
only, and are not used in any distance calculation.
only is this an IPTA pulsar, but it has also been used
to carry out tests of General Relativity (Lazaridis et al.
2009), looking to constrain dipolar radiation, which in-
trinsically relies on the binary’s distance. Here we iden-
tify the white dwarf companion to J1012+5307 as Gaia
DR2 851610861391010944, detected with a S/N∼ 3. We
find the FAP of this candidate to be < 7×10−8 – another
> 5σ detection.
We combine the Gaia data with the Desvignes et al.
(2016) parallax measurements (which superseded the
IPTA data), and find a combined parallax measurement
of 1.00± 0.17 mas. As before we apply the Bailer-Jones
et al. (2018) distance prior, and multiply together the
posteriors of this combined distance measurement with
a recent distance estimate based on the orbital period
derivative of the binary, P˙b from NANOGrav (Arzouma-
nian et al. 2018a). The final distance to this system is
1073.7±142.7 pc, which can be used to further constrain
the results from Lazaridis et al. (2009).
3.3. J1024-0719: ultra-wide period binary
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Pulsar J1024-0719 may be in an ultra-wide period or-
bit with a low-mass companion. Estimated orbital peri-
ods range by orders of magnitude, from Pb > 200 yrs
(Bassa et al. 2016) to 2 . Pb . 20 kyr (Kaplan
et al. 2016). Here we identify Gaia object Gaia DR2
3775277872387310208 as its binary companion. While
this is a low S/N∼ 1.25 detection, we find the FAP of
this candidate to be < 7× 10−8, a > 5σ detection, and
are therefore confident in this association. This object
is a the low-mass main sequence star, identified by Ka-
plan et al. (2016) as 1024-Br, and as 2MASS J10243869-
0719190 in Bassa et al. (2016).
By combining the Gaia parallax measurement with
the PTA one we find a new and improved parallax mea-
surement of 0.82±0.14 mas. The distance to this binary
is 1155+294−116 pc. Since the distance posterior is slightly
skewed, we report the peak of the distribution as the
point value, and errors are 84th and 16th percentile.
This is 1155+499−205 pc if we use the 95th and 5th per-
centiles.
3.4. J1732-5049: first parallax measurement
We identify the companion to J1732-5049 (Edwards &
Bailes 2001) as Gaia DR2 5946288492263176704, with a
FAP of 5.51 × 10−3 (a 2.8σ detection). While the RA
and DEC of the binary companion are reasonable (offset
from IPTA data by 1.6σ in RA and 0.2σ in DEC), the
parallax measurement of −1.18 ± 2.84 mas is negative,
and thus this distance estimate is heavily influenced by
the Bailer-Jones et al. 2018 distance prior. Gaia DR3
should improve the parallax and proper motion measure-
ments to this object, which will improve our confidence
in this association, or disfavor it.
The posterior distribution for the distance is very
broad. Since the 16th percentile value is larger than
the peak of the distribution due to the fast rise of
the posterior, we write our best distance estimate as
3980 (4820, 10999) pc: here the point value is the peak
of the distribution, the distance at the 84th percentile is
+10999 pc and at the 16th percentile is 4820 pc. This is
3980+7716−1253 pc for the the 95th and 5th percentiles. Since
the distance estimate here is still quite poor, we will de-
fer discussing the implications of this binary’s detection
to future work with Gaia DR3.
3.5. J1843-1113: new binary candidate
Pulsar J1843-1113 has no previously identified bi-
nary companion. The Gaia cross-match returns an
object with S/N∼ 1.2 that passes all of our consis-
tency checks, Gaia ID 4106823440438736384, with a
FAP of 1.19 × 10−2 (2.5σ detection). Using Gaia ’s
parallax measurement to this new-found companion of
0.79± 0.64 mas, and combining this with the PTA par-
allax measurement of the pulsar, we determine its dis-
tance is 1997+3972−205 pc. The 95th and 5th percentiles are
1997+5983−712 pc.
We will monitor this binary candidate in future data
releases to see how the parallax improves with Gaia DR3
and future PTA data releases, and defer further discus-
sion until then.
3.6. J1910+1256: a tentative binary candidate
Pulsar J1910+1256 (Stairs et al. 2005) is a bi-
nary MSP with a low-mass white dwarf companion
with a minimum mass of 0.18 M (Desvignes et al.
2016). We tentatively identify its white dwarf as
Gaia DR2 4314046781982561920. However, this ob-
ject has a negative parallax measurement of −0.42 ±
0.80 mas, hence |S/N| ∼ 0.5. While its FAP is
1.61 × 10−2 (a weak 2.4σ detection), as Gaia proper
motion measurements improve we will be able to either
make a more confident detection of this object, or rule
it out completely.
Combining the PTA and Gaia parallaxes yields a new
parallax measurement of 0.58± 0.54 mas, or a distance
of 2491+3559−568 pc. The distance is 2491
+5417
−1191 pc if consid-
ering the 95th and 5th percentiles.
3.7. J1949+3106: best parallax measurement
The dispersion measure of pulsar J1949+3106 (Deneva
et al. 2012) leads us to believe that it is a distant binary
system. In fact, it has one of the highest dispersion
measures of any millisecond pulsar, a companion with
a mass of ∼ 1M(Deneva et al. 2012), and has an un-
certain parallax measurement of −0.6(3.2) mas. Here
we identify its binary companion in Gaia as Gaia DR2
2033684263247409920. We find this Gaia object has a
parallax measurement of 0.97 ± 0.35, and is detected
with S/N = 2.8, making this the best known parallax
measurement to this binary system. We also find that
the FAP is 3.19× 10−3, a 3σ detection.
We combine the parallax posteriors and find an up-
dated parallax measurement of 0.96 ± 0.35 mas, and
compute the distance. Since the posterior distribution
for the distance is highly skewed, we report the the peak
at 1295 pc as a point estimate, while the 16th percentile
value is 1306 pc and the 84th percentile is 5399 pc. We
write this in Table 1 as 1295 (1306, 5399) pc, and re-
port that the 95th and 5th percentile measurements are
1295+6413−330 pc.
This is a very intriguing binary. DM-based esti-
mates put this system 6514+822−965 pc (NE2001) and 7466±
1493 pc (YMW16) – a factor of ∼ 5 further than ex-
pected from our parallax-based measurement. This may
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Figure 3. Distance estimates to the other four binary pulsar systems. As before, DM-based distance estimates are from
YMW16 (yellow strip) and NE2001 (blue strip), with their mean values represented as a dashed line.
be pointing to a fault in both these independent electron
density models of the galaxy, or that there is still a cloud
of material surrounding this binary system. Indeed, this
DM-distance overestimate combined with J1949+3106’s
relatively poor timing precision (Arzoumanian et al.
2018a) may suggest that there is additional material
surrounding the binary, possibly from a recent mass-
transfer phase, which is creating a local DM contribu-
tion in addition to the galactic DM.
4. DISCUSSION
We find that the errors on the DM distance estimates
are typically underestimated. In the case of J1024-0719
and 1732-5049, the binary systems are more than factor
of two further than both NE2001 and YMW16 predict,
pointing to an underestimate in these electron density
estimates in the direction of the binaries. Conversely,
J1949+3106 is a factor of 5 closer than both DM models
predict, which may point to an additional, local DM
contribution from around the binary system, possibly
from a recent mass-transfer phase.
In Figure 1, we see that there are a few companions
with a brightness that is consistent with a young white
dwarf, but a color that places it in the valley between the
white dwarf sequence and main sequence. Though these
stars are only 2 to 3σ from the main sequence, a non-
trivial population of stars lie in this region of the color-
magnitude diagram from the full Gaia catalog (Gaia
Collaboration et al. 2018b). According to isochrones
in Nelson et al. (2004), these are likely helium-rich de-
generate dwarfs.
ESA officials announced1 that the Gaia mission will
be extended to 2022. Gaia ’s parallax measurements
improve as T−1/2, therefore this will be decrease cur-
rent parallax errors by a factor of (38/12)−1/2 ∼ 0.6 –
also noted by Jennings et al. (2018). While PTA timing
parallax errors are still large, kinematic distance mea-
surements from the binary orbital period derivative scale
as P˙b ∝ T−5/2 (Bell & Bailes 1996). Therefore over 38
months, for systems with P˙b measurements, errors in
DK should be (38/12)
−5/2 ∼ 0.06 of their present value.
This is especially encouraging for binary systems such as
J1012+5307, where the distance constraint now makes
use of both these measurements. While it is clear that
the kinematic distance measurement will eventually be
the tighter distance constraint, few MSPs have P˙b mea-
surements (this is a difficult measurement). Moreover,
having multiple independent distance measurements will
certainly instill greater confidence in the results, which
is important for making claims of the detection of dipo-
1 http://sci.esa.int/director-desk/
60943-extended-life-for-esas-science-missions/
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Pulsar DDM (pc) DDM (pc) Pulsar Gaia Combined Combined Reference
NE2001 YMW16† parallax (mas) parallax (mas) parallax (mas) Distance (pc)
J0437-4715 139+33−29 156.1 6.37± 0.09 8.35± 0.69 6.40± 0.05 156.74± 0.24 D16, D08
J1012+5307 411+59−56 804.5 0.92± 0.20 1.32± 0.41 0.99± 0.18 1073.7± 142.7 IPTA DR2
J1024-0719 386+39−38 382.3 0.86± 0.15 0.53± 0.42 0.82± 0.14 1155+294−116 IPTA DR2, K16, D16
J1732-5049 1411+206−198 1875.0 None −1.18± 2.84 −1.18± 2.84 3980 (4820, 10999) IPTA DR2
J1843-1113 1700± 300 1707.0 0.62± 0.34 0.79± 0.64 0.66± 0.33 1997+3972−205 IPTA DR2
J1910+1256 2327+311−317 1496.0 1.44± 0.74 −0.42± 0.80 0.58± 0.54 2491+3559−568 IPTA DR2; D16
J1949+3106 6514+822−965 7466.3 −0.67± 3.18 0.98± 0.35 0.96± 0.35 1295 (1306, 5399) IPTA DR2
Table 1. Summary of results. Here we report distance measurements to binary pulsars in terms of their dispersion measure
estimate, the pulsar timing parallax measurement, the Gaia parallax measurement to their companion, their combined parallax
and subsequent inferred distance. We compute the final distance using Bailer-Jones et al. (2018), and combine this distance
estimate with dynamical distance estimates, when available, since these are also independent distance estimates. Dispersion
measures were reported in IPTA DR2 and references therein, and pulsar distances were calculated based on the DM via the
online tools for NE2001 and YMW16. DM-based distances are shown for comparison, and are not used to calculate combined
distances. †As in the literature, we assume the error in the distance from the model is ±20%. Asymmetric error bars in the
distance are the 16th and 84th percentiles. Values in brackets are also 16th and 84th percentiles, but the 16th percentile is
greater than the peak, so this cannot be written in the usual way.
lar radiation (Lazaridis et al. 2009), claiming changes in
Newton’s constant G (Li et al. 2018), and the eventual
detection of continuous nanohertz gravitational waves
within the next decade (Mingarelli et al. 2017).
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